ABSTRACT: Terrestrial herbivores can use anthelmintic properties of plant secondary metabolites to decrease parasite/parasitoid infections. Secondary metabolites with potential anthelmintic properties have also been described from different seaweed species, but the effects of diet on parasitism in marine herbivores has not been studied previously. In the present study, a combination of laboratory and field experiments was used to test the hypotheses that infection by digenean trematode parasites affects the feeding pattern of herbivorous gastropods (Littorina littorea), and that the seaweed diet prevents parasitism in the snails. Heavily infected snails consumed less of the red seaweed Osmundea ramosissima than uninfected snails, but there was no difference in consumption when snails were offered the green seaweed Ulva lactuca. Healthy snails placed in cages with different food treatments and transplanted to different field sites became infected by trematodes, but there was no significant difference in parasite resistance between snails offered different foods. Furthermore, there was no significant negative relationship between infection abundance and consumption when O. ramosissima was incorporated into agar-based artificial diets, indicating that the difference in feeding pattern found in the initial consumption experiment was due to the morphology, and not the chemistry of the seaweeds. In conclusion, these preliminary results do not indicate that parasitized L. littorea feeds on O. ramosissima to prevent parasite infection. However, the hypothesis that algal chemical compounds prevent or decrease parasite infections in herbivores should be tested using additional candidate species before drawing general conclusions about the effect of diet on parasitism in marine systems.
INTRODUCTION
Almost all living organisms serve as a hosts for one or more parasite species, and parasites can have large impacts on the survival, behaviour, reproduction, and population dynamics of their hosts (Scott 1988 , Hudson et al. 1998 , Mouritsen & Poulin 2002 . The transmission and infection success of parasites, and consequently the patterns of parasite infection, are probably highly dependent on both parasite and host behaviours. It is to the parasite's advantage to behave, or manipulate the host to behave, in a way that increases transmission and infection success of different parasite stages (Esch et al. 2001) . On the other hand, if the host's fitness is decreased by parasite infection, which has been shown in a number of studies (e.g. Huxham et al. 1993 , Hudson et al. 1998 , Curtis 2002 , Desclaux et al. 2004 , there should be selection for the host to display behaviours that decrease the probability of becoming infected. Insects can resist infection through ingestion of certain nutritionally inferior plant species, which contain secondary metabolites that have negative effects on the parasitoids (Karban & English-Loeb 1997 , Singer & Stireman 2003 , Singer et al. 2004 ). Furthermore, previous studies have revealed that chimpanzees ingest plants with anti-parasitic properties and that such behaviour aids in the control of intestinal parasites (Huffman 2003) . However, no previous studies have, to our knowledge, investigated whether marine herbivores can use their algal diet to prevent or decrease parasitism.
In marine habitats, digeneic trematode parasites are very common and affect a wide range of hosts belonging to different trophic levels and/or functional groups (Rohde 2005) . The adult worm develops in predatory seabirds, and after reproduction the eggs are deposited in the birds' faeces. Depending on species, the eggs either hatch and release free-swimming miracidia that penetrate the first intermediate gastropod host, or are ingested and hatch directly inside the gastropods. The miracidia transform into asexually reproducing sporocysts/rediae, which produce freeswimming cercariae that are released from the first intermediate host. The cercariae infect and encyst the second intermediate hosts, which may be herbivorous crustaceans or gastropods, filter-feeding molluscs, or predatory fish. Transmission to the definitive host is always by ingestion of the second intermediate host (Sukhdeo & Sukhdeo 2004) . Marine gastropods of the genus Littorina can act as both first and second intermediate hosts for a number of digenean trematode species in the littoral zone. The snails are abundant on boulder and rocky reef shores, as well as on shallow soft bottoms, and densities can reach several hundred m -2 (authors' pers. obs.). More than 10 species of digeneans infect species of Littorina in the North Atlantic, and trematode prevalence (percent of infected snails in a population) can be locally high (Granovitch & Johannesson 2000) . Observations of parasite prevalence and abundance (parasites per host) are common in marine intertidal habitats (e.g. Galaktionov & Bustnes 1999 , Granovitch & Johannesson 2000 , Svärdh & Johannesson 2001 , Curtis 2002 , Granovitch & Mikhailova 2004 , Skirnisson et al. 2004 ). However, manipulative experimental studies on the processes causing these patterns are still rare (but see Curtis 2002) .
A significant number of secondary metabolites with potential importance for drug discovery have been described from different species of algae (Smit 2004) . One of the most studied algal groups with antiparasitic properties is the red seaweed family Rhodomelaceae (Sato et al. 1996 , Higa & Kuniyoshi 2000 . Among these, the best-known medicinal seaweed is perhaps Digenea simplex, which has been utilized as a folk remedy for the treatment of roundworm disease in Asia over centuries. An active substance in the alga, α-kainic acid, has been isolated and developed into an anthelmintic drug (Higa & Kuniyoshi 2000) . Another anthelmintic folk medicine used in Japan is the red alga Chondria armata, belonging to the same family as D. simplex. The anthelmintic substance of C. armata is similar to α-kainic acid in its chemical and biological properties and is called domoic acid (Higa & Kuniyoshi 2000) . The red seaweed Osmundea ramosissima is closely related to D. simplex and C. armata, and although O. ramosissima has not been proven to possess anti-parasitic properties, crude extract from this species is bioactive and can provide a defence against settlement of barnacles (Nylund & Pavia 2003) . The green seaweed Ulva lactuca, on the other hand, is generally considered to lack secondary metabolites and is a preferred food for a large number of marine herbivores (Rogers et al. 1995 , Granado & Caballero 2001 . Therefore, this species was used as control food in the present study.
Our aim was to investigate whether the feeding behaviour of the marine herbivorous gastropod species Littorina littorea is correlated with the abundance of parasite infections, and whether the algal diet can prevent parasite infection. In addition, we studied whether the prevalence and abundance of trematode infections in L. littorea vary among snail populations at sites with and without large macrophytes. This was tested through observational field studies where the prevalence and abundance of trematode infections were compared between different sites, and through field and laboratory experiments where the consumption and infection status was determined after presenting snails with different diets (Osmundea ramosissima and Ulva lactuca). We specifically hypothesized (1) that there would be a difference in the prevalence and abundance of trematode infections among snails from different populations, (2) that snails from sites with large macrophytes would be less parasitized than snails from sites without large macrophytes, (3) that there would be a significant negative correlation between the amount of seaweed tissue consumed and the abundance of parasite infection, and (4) that healthy snails transplanted to field sites with high trematode prevalence would be more parasitized when offered U. lactuca, than when offered O. ramosissima or a combination of the 2 algal species.
MATERIALS AND METHODS
Field observations. The study was carried out in the archipelago offshore from the Tjärnö Marine Biological Laboratory (TMBL) on the Swedish west coast. In order to estimate and compare the distribution of parasites in adult Littorina littorea, a total of 120 snails were collected in September 2005 from 6 different islands (20 snails from each site). The islands chosen were Långholmen (58°53' N, 11°07' E), Lökholmen (58°53' N, 11°07' E), Saltö (58°52' N, 11°09' E), Rundö (58°52' N, 11°10' E), Flatskär (58°51' N, 11°08' E) and Rossö (58°51' N, 11°11' E). The field sites were characterised by sheltered (Långholmen and Lökholmen) and semi-exposed (Flatskär) rocky reef and boulder shores with abundant large macroalgae, or sheltered sandy/ muddy habitats (Saltö, Rundö, and Rossö) with very few, scattered large macrophytes (fucoids), but with benthic microalgae (e.g. diatoms). The snails were immediately brought to the laboratory and killed by freezing to -70°C. After thawing, the foot and digestive gland of each individual was squeezed between 2 glass plates. Infections by rediae, sporocysts and metacercariae were observed under a stereomicroscope, and the prevalence of sporocysts/rediae (first intermediate hosts) and metacercariae (second intermediate hosts), as well as the abundances of metacercariae, were recorded. We did not identify the trematodes to species, as this study was aimed at investigating the overall effect of snail diet on trematodes that infect L. littorea. However, Renicola roscovita, Cryptocotyle lingua, and Himasthla elongata are the most common trematodes infecting L. littorea in the study area (Granovitch & Johannesson 2000) . No statistical analysis was performed with the data on parasite prevalence, since there was only one sample per site. The data on the abundance of secondary infections were statistically analysed using a nested analysis of variance (ANOVA) with habitat (with or without seaweeds) as a fixed 2-level factor and site as a random 3-level factor nested within habitat.
Consumption experiment 1 -Osmundea ramosissima versus Ulva lactuca. In order to test whether the food consumption of Littorina littorea was correlated with the abundance of trematode infections, a consumption experiment with 2 algal species (Osmundea ramosissima and Ulva lactuca) was carried out in the laboratory in October 2005. A large number (> 200) of L. littorina individuals was collected from the field sites identified in the previous observational study, in order to include snails with a range of parasite abundances. The snails were pooled and 40 were chosen haphazardly and placed individually in 0.2 l aquaria containing either O. ramosissima or U. lactuca (n = 20). Control aquaria without snails were also prepared in order to measure the autogenic wet weight changes in the seaweeds during the experiment. The aquaria were connected to a flow-through system with filtered seawater at a temperature of 18 to 20°C. The experiment was terminated after 48 h, and all snails were removed, dissected, and infection abundances determined. The wet weights of the seaweeds were determined at the start and the end of the experiment, and the wet weight change (% of initial wet weight) was calculated. Because growth of the control seaweeds was negligible during the experiment (data not shown), consumption (g wet weight) was calculated by subtracting the final weights from the starting weights of the grazed seaweeds. Consumption by healthy and infected snails was statistically compared by linear regression analyses, with consumption of the algae as dependent variable and abundance of metacercariae as the independent variable.
Field transplant experiment. The field transplant experiment was carried out over 6 wk from October to November 2005 in order to test whether algal diet can prevent parasite infection in Littorina littorea. We collected 360 L. littorea individuals from the island of Flatskär, where infection by digeneans was low (Fig. 1) . The snails were kept in the laboratory overnight in running seawater and were not fed during this time. The following day, the snails were placed in cages (10 cm 3 ) with a 1 cm mesh size, 10 snails in each cage. The cages contained Osmundea ramosissima, Ulva lactuca or a combination of both. The treatment with both seaweed species present was included to increase the ecological relevance of the experiment by allowing the snails to mix diets. Diet mixing may be important if diets rich in secondary metabolites are nutritionally inferior (cf. Singer & Bernays 2003) . Each cage provided more than enough food for each snail, so that the snails would not experience shortages. The cages were attached to aluminium frames, 18 cages on each of 2 frames. The frames were kept outside the laboratory in a large container with flow-through seawater for 1 wk prior to transplantation to the islands of Saltö and Rossö. These sites were found to have a high prevalence of first intermediate hosts (field observation, Fig. 1 ). Cages were inspected weekly and supplied with fresh algae. At the end of the experiment, the snails were brought back to the laboratory, killed and dissected to measure infection status, as described for the field observation, except that only secondary infections were measured. The effect of the 3 treatments (O. ramosissima, U. lactuca, O. ramosissima + U. lactuca) on the infection abundance was statistically analysed using a mixed model ANOVA with treatment (3 levels) as fixed, and site (2 levels) as random orthogonal factors, and cage as a random factor nested within the interaction between treatment and site. Data on the infection prevalence in the cages were statistically analysed by a 2-way ANOVA with treatment as a fixed 3-level factor and site as a random 2-level factor. Consumption experiment 2 -Fresh Osmundea ramosissima versus artificial food. Because no significant effect of diets on infection prevalence or abundance was found in the field transplant experiment (see Results), we performed an additional experiment to test the hypothesis that the negative relationship between Littorina littorea consumption and infection abundance found in the initial consumption experiment was due to the morphology, and not the chemistry of O. ramosissima. Forty snails were collected from haphazardly chosen sites outside the TMBL and placed individually in 0.2 l aquaria containing either fresh O. ramosissima or freeze-dried, homogenized O. ramosissima incorporated into agar-based artificial diets (1.5% agar and 10% O. ramosissima on a dry weight: wet weight basis, n = 20). Control aquaria without snails were not prepared, because autogenic wet weight changes in seaweeds and artificial diets during the experiment were assumed to be negligible. The aquaria were connected to a flow-through system with filtered seawater at a temperature of 18 to 20°C. The experiment was terminated after 48 h when all snails were removed, dissected, and infection abundance determined. The wet weight of the seaweeds and artificial diets was determined at the start and at the end of the experiment, and the consumption (g wet weight) was calculated by subtracting the final weight from the starting weight. Data were statistically compared by linear regression analyses, with consumption of the algae as the dependent variable and abundance of metacercariae as the independent variable.
Prior to all statistical analyses, data were tested for homogeneity of variances using Cochran's test. All variances were heterogeneous, but only the data on the spatial distribution of trematodes from the field observation were transformed to log (x + 0.1) because transformations of data from the other experiments changed the ranking of mean values (i.e. transformations were not monotonic, cf. Underwood 1997). However, since data were balanced and experiments were performed with a relatively large number of replicates, statistical analyses were performed on untransformed data (cf. Underwood 1997). Significant differences between mean values were statistically analysed using the Student-Newman-Keul's (SNK) multiple-comparison test.
RESULTS
The abundance of trematode infections in Littorina littorea varied significantly among different sites (ANOVA, F 4,114 = 22.99, p < 0.001), but there was no statistically significant difference between habitats with or without seaweeds (ANOVA, F 1,4 = 0.69, p = 0.453). Snail populations from the islands of Rossö and Långholmen had the highest infection abundance, followed by snails from populations on Saltö, Rundö, and Lökholmen (Fig. 1) . The least infected snails were found on Flatskär (Fig. 1) . The pattern of infection prevalence of secondary intermediate hosts reflected that of the infection abundance, with the population on Flatskär having the lowest prevalence, and Rossö and Långholmen the highest (Fig. 1) . The prevalence of first intermediate hosts was generally lower than the prevalence of second intermediate hosts (Fig. 1) , with Saltö and Rossö having the highest prevalence followed by Långholmen and Lökholmen, and Rundö and Flatskär entirely lacking first intermediate hosts.
Trematode-infected Littorina littorea consumed less Osmundea ramosissima than healthy snails, as shown by the statistically significant negative relationship between infection abundance and consumption when L. littorea was offered O. ramosissima in the first consumption experiment (linear regression, R 2 = 0.220, p = 0.037, Fig. 2A ). However, no statistically significant relationship between infection abundance and consumption was found when the L. littorea was offered the green seaweed Ulva lactuca (linear regression, R 2 = 0.017, p = 0.586, Fig. 2B ).
There was no statistically significant difference in infection prevalence between Littorina littorea individuals transplanted to the 2 different field sites and offered different seaweed foods (Table 1, Fig. 3A) . Furthermore, there was no statistically significant difference in infection abundance between snails kept in different cages in the transplant experiment (ANOVA, F 30,325 = 0.93, p = 0.575), and therefore the mean square for the factor cage was pooled with the residual mean square. Moreover, there was no statistically significant difference in infection abundance between L. littorea individuals transplanted to different sites and offered different food treatments (Table 1, Fig. 3B ).
In accord with the first consumption experiment, trematode-infected Littorina littorea consumed less fresh Osmundea ramosissima than healthy snails, as shown by the statistically significant negative relationship between infection abundance and consumption when L. littorea was offered O. ramosissima in the second consumption experiment (linear regression, R 2 = 0.259, p = 0.022, Fig. 4A ). However, when O. ramosissima was dried and incorporated into agar diets, no statisti- Table 1 . Littorina littorea. ANOVA for (A) infection prevalence (%), and (B) infection abundance (metacercariae ind.
-1 ) of snails transplanted in cages to different sites (Site) and offered different seaweed food treatments (Treatment). There was no statistically significant difference in infection abundance between snails kept in different cages (p = 0.575) and therefore the mean square for the factor cage was pooled with the residual mean square and is not presented in the table. Mean values (+ SE) are in Fig. 3 Source of variance df MS F p F vs. ) of metacercariae in snails transplanted to different sites (Saltö and Rossö) and offered different seaweed diets (Ulva lactuca, Osmundea ramosissima, or a combination of both) for 6 wk.
Infection prevalence
Data are mean + SE; n = 6 in (A) and n = 60 in (B) cally significant relationship between L. littorea infection abundance and consumption was found (linear regression, R 2 = 0.017, p = 0.579, Fig. 4B ), indicating that the significant relationship between consumption of fresh O. ramosissima and infection status of L. littorea was due to algal morphology rather than algal chemistry.
DISCUSSION
The results from the consumption experiment showed that Littorina littorea with low number of metacercariae fed on Osmundea ramosissima to a greater extent than snails with high infection intensity. However, there was no significant correlation between infection intensity and consumption when L. littorea were offered the green seaweed Ulva lactuca. These results indicate that the decreased consumption of O. ramosissima by infected L. littorea was not due to parasite induction of anorectic behaviour in the snails (cf. Hart 1990) , as this would have also negatively affected the consumption of U. lactuca by infected snails. The capability of parasites for altering the behaviour of their hosts is now well accepted, and in most cases the altered behaviour is hypothesised to benefit the parasites (e.g. Karban & English-Loeb 1997 , Levri 1999 , McCarthy et al. 2000 . Therefore, were O. ramosissima to contain metabolites that reduce parasite fitness, the negative relationship between infection abundance and consumption of O. ramosissima by infected L. littorea could have been caused by manipulation of snails' feeding behaviour by the parasites. However, the field experiment (where healthy snails were offered different algal food while simultaneously exposed to free-living cercariae) did not show that O. ramosissima prevented trematode infection in L. littorea. The mean metacercarial abundance increased in snails after transplantation from a site with low prevalence of trematodes to a site with high prevalence, but there was no significant difference in parasite resistance between snails offered different algal diets. An alternative explanation for the reduced consumption of O. ramosissima by infected L. littorea is that heavily infected snails were weaker than healthy snails and therefore had difficulties grazing the relatively tough O. ramosissima. In contrast, U. lactuca is a morphologically simple alga with low toughness that both infected and healthy snails are able to graze upon (cf. Rogers et al. 1995) . This alternative explanation was supported by the second consumption experiment, where no significant correlation between consumption and infection abundance was found when snails were offered O. ramosissima incorporated into soft agar-based diets. These results indicate that the morphology of O. ramosissima, rather than its chemistry, affected the consumption by infected L. littorea.
Although no support was found for the hypothesis that Osmundea ramosissima prevented trematode infection in Littorina littorea, there was a large spatial variation in both the prevalence and abundance of trematode infections between different L. littorea populations, in accord with previous investigations in the study area (Granovitch & Johannesson 2000 , Svärdh & Johannesson 2001 , Granovitch & Mikhailova 2004 . A variety of algal foods at different sites might increase the mean nutritional value of the food, which may compensate for the nutritional deficiency to which a parasitized animal is usually subjected, and thereby enhance the immune function (cf. Hutchings et al. 2003) . Littorina littorea is a generalist grazer that consumes a large variety of macroalgae, as well as epiphytic and benthic microalgae (authors' pers. obs.). The sites included in the present study had either an abundance of different species of red, green and brown macroalgae (including O. ramosissima and U. lactuca), or were almost devoid of macroalgae, though benthic microalgae were present. Therefore, the available diet for L. littorea was most likely more diverse in sites with abundant macrophytes. However, there was no statistically significant difference in the trematode abundances between habitats with or without large macroalgae, indicating that the significant variation between different sites was due to factors other than the presence/absence of large macrophytes. There are several alternative hypotheses explaining the large spatial variation in trematode abundance observed among Littorina littorea populations in the present study. Although not quantified or statistically tested, both the prevalence and intensity of trematode infections in L. littorea appeared to be correlated to the degree of wave exposure at different sites, in accord with observations in earlier studies (e.g. Curtis 2002 , Granovitch & Johannesson 2000 . In both miracidia and cercariae, host searching occurs in 3 distinct steps:
(1) finding of host habitat, (2) random search, and (3) chemoattraction to the host (Sukhdeo & Sukhdeo 2004) . Strong wave motion on exposed shores may prevent free-living stages of trematodes from remaining in the host habitat and infecting new individuals (Granovitch & Johannesson 2000) . Furthermore, the intermediate hosts that are involved in the life cycle of trematodes are rare in exposed habitats (Granovitch & Johannesson 2000) . High prevalence of parasites in L. littorea at sheltered shores may also relate to the considerable input of infective propagules from waterfowl (McCarthy et al. 2000 , Curtis 2002 .
Algal derived compounds are important mediators of marine tri-trophic interactions (i.e. ecological interactions involving 3 trophic levels). For example, marine herbivores (especially opisthobranch molluscs) sequester food-derived secondary metabolites in their tissues and egg masses, and use them as a chemical defences against predators (Stachowicz 2001) . Ours is the first test of the hypothesis that the algal diet prevents parasite infection in marine herbivores, albeit that there was no effect of Osmundea ramosissima on total trematode infections in Littorina littorea. However, our results must be regarded as preliminary, because of the limited number of species tested. This hypothesis should be tested using other algal and herbivore species before drawing general conclusions on the effect of diet on parasitism in marine organisms.
